We report a physical mechanism responsible for initiating a vacuum breakdown process of a single carbon nanotube (CNT) during field emission. A quasidynamic method has been developed to simulate the breakdown process and calculate the critical field, critical emission current density and critical temperature beyond which thermal runaway occurs before the CNT temperature reaches its melting point. This model is in good agreement with experiments carried out with a single CNT on a silicon microtip.
Carbon nanotubes (CNTs) have attracted considerable attention not only because of their unique physical properties, but also their potential applications [1, 2] . For example, field electron emission from CNTs already finds applications in flat panel displays [3] and miniature highbrightness electron sources for both electron microscope [4] and parallel e-beam lithography system [5] . One major technical challenge is to have an acceptable high upper emission current density, but a CNT operating at such a current level often is unstable and may experience a vacuum breakdown, which is often catastrophic and can lead to the malfunction of a device. So far, there is not a clear understanding of the physical mechanism responsible for initiating such a breakdown. Bonard et al. [6] attributed the failure of a multiwall CNT to resistive heating at the contact to substrate. Wang et al. [7] suggested the instability in emission current was due to the structural damage during emission. Emitting CNTs will involve a self-heating process [8] [9] [10] , which may result in subliming and melting of a CNT and ultimately causes a cathode-initiated vacuum breakdown process. This Letter addresses the physical mechanism responsible for initiating the breakdown process due to the self-heating.
We model a CNT as a one-dimensional object of length L in contact with a substrate at x 0, and consider heat losses by radiation from the wall and the cap of CNT, and by heat conduction to the substrate (Fig. 1) . The timeindependent heat equation may be expressed as Q ÿ r 2 q x ÿ q xdx ÿ 2rdxT 4 x ÿ T 4 0 0; (1) where Q is the heat source, r is the radius of CNT, q x is the heat flux, T x is the temperature, and all at x point, T 0 is the ambient temperature, is the Stefan-Boltzmann constant (we assume emissivity 1). Considering only Joule heating in a CNT, Q I 2 RT x L ÿ1 dx, where I is the emission current, R the resistance of CNT. Using the expression of Q and the Fourier heat conduction law q ÿkrT (k is the heat conduction coefficient), Eq. (1) becomes
Heat loss by radiation from the cap of CNT can be determined by
where T A is the temperature of the apex of CNT. Meanwhile, heat loss to substrate is dependent of its geometry. For a flat substrate, which may be assumed as a heat sink with a fixed temperature T 0 , the temperature of CNT at x 0 is
For a microtip substrate, we use an empirical expression
where is a constant, determined by the shape of microtip and the contact resistance between microtip and CNT, and can usually be chosen to match the experimental data. Solving the heat Eq. (2) with the boundary condition expressions (3), (4a), and (4b), the temperature T x especially T A can be obtained for a predetermined value of emission current. However, it is impossible to solve Eq. (2) explicitly, since R is strongly influenced by temperature T.
The expression for R as a function of T is dependent on electron scattering mechanism. Previously Purcell et al. [9] assumed that RT R 0 1 ÿ T, where is the resistance temperature coefficient, which can be chosen to match with experimental data, and R 0 is the resistance at 300 K. The decrease in R with increasing T was attributed to different conduction mechanisms, such as hopping along thermally activated defect sites [11, 12] . However, R should not decrease indefinitely, and some mechanisms such as electron-phonon scattering can make R increase with T [13] . Thus we assume a new expression
where and may be chosen to match with experimental data. With specific boundary conditions, by solving Eqs. (2) and (5), both T A versus I and R versus I can be obtained. Excellent fit has been found between Purcell's experimental data [9, 10] and Eq. (5). Further, very good agreement has also been found between the prediction from Eq. (5) and experimental data reported by Collins et al. [14] , who studied the electrical breakdown of a CNT in air.
The current flowing in a CNT in emission also varies with temperature due to the heating at the apex of CNT, which causes a rise in emission current. Under such circumstance thermal equilibrium will not be reached, if there are no heat losses. Then this positive feedback process will continue until a CNT reaches its melting point. Since there are heat losses, thermal equilibrium will be established under certain conditions. Our present task is to find the critical conditions, which define where a thermal equilibrium can be maintained and where an uncontrollable process will initiate. In the latter case, the process takes place rapidly and will not be controllable under direct current conditions. Such a thermal runaway is the initiation of a vacuum breakdown process.
The current flowing in a CNT equals to its field emission current, given by Murphy and Good [15] 
where w 1 ÿe 3 E=8"" 0 1=2 , Y e 3 E=4"" 0 w 2 , k B is Boltzmann's constant, m is the effective mass of an electron, is the Fermi energy, equal to ÿ, e is the electron charge, " is the relative dielectric constant of the CNT, " 0 is the dielectric constant of vacuum, and vY is the elliptic function. The positive feedback process can be described as a dynamic feedback process [16] . An iterative algorithm can simulate this dynamic process (inset of Fig. 2) . First, at a specific E i , j 1 is calculated using expression (6) with T A T 0 . The apex temperature T 1 resulted from passing j 1 is obtained using Eq. (2) with boundary conditions defined by Eqs. (3), (4a), and (4b). Usually T 1 is not the equilibrium temperature and will result in a new emission current density j 2 , which may heat the CNT further to T 3 . This process of calculation continues unless an equilibrium temperature is reached. One may repeat the iterative calculation for n times (often within n 300), and assign the emission current density and the temperature as j n and T n , respectively. If T n T nÿ1 and T n < T m , where T m is the melting point of the CNT, the CNT reaches an FIG. 2. T n -n curves obtained using the quasidynamic simulation; the inset is the flow chart of the multiple loop feedback process.
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075501-2 075501-2 equilibrium temperature and T n is the final equilibrium apex temperature and j n is the final equilibrium emission current density. Otherwise, if T n ÿ T nÿ1 > 0 and T n ÿ T nÿ1 ÿ T nÿ1 ÿ T nÿ2 > 0, the CNT cannot reach an equilibrium state, i.e., a thermal runaway will occur. A critical field E c and a critical current density j c may be found just before the runaway occurs. Above the critical field E c , any slight increase in applied field will result in a thermal runaway event. As shown in Fig. 2 , at an applied field lower than E 4 , e.g., E 3 , the CNT will reach an equilibrium temperature and at an applied field any slightly higher than E 4 , the CNT will undergo a thermal runaway event. Thus, E 4 is the critical field, and the corresponding T n andj n (n 300) are the critical apex temperature T c and critical emission current density j c , respectively. We have first calculated T c; j c; and the critical field of a CNT on a flat substrate. The structural parameters of the CNT were given as 0:5 L 40 m and r 10 nm. The other parameters were determined by matching with Purcell's experimental data [9] (Table I) . We used the values of 1:7 10 ÿ6 3:26 10 ÿ5 m and 100 W=mK for resistivity and thermal conductivity, respectively. These values have been found to fall in the range of most probable values reported for multiwalled CNTs so far [12, [17] [18] [19] . Fig. 3(b) ]. Shorter CNT can lose more heat by heat conduction to substrate, thus T c , at which a breakdown event is initiated, is likely to reach CNT's melting point. A mechanism responsible for this type of vacuum breakdown was fully described in elsewhere [20] , in which case the current and thermal runaway may not be observed.
For a CNT on a Si microtip (Fig. 1) , a temperature rise in the microtip cannot be neglected. The melting point of Si1684 K may be reached at a lower current density j c0 . Thus, failure of such an emitter may be initiated due to melting of Si microtip. We may refer it as a substratemelting event. We have run a similar simulation to define critical conditions between such an event and a thermal runaway event. The temperatures of Si tip apex (equals to T B indicated in Fig. 1 ) were calculated by using Eq. (4b), using the parameters of CNT in Table I , except that was set to 1:774 10 7 K=W. Figure 4 shows a curve separating the square into two areas. If the structural parameters of the CNT fall in the upper area (with white filling), a breakdown event may be caused by thermal runaway. Otherwise, a CNT-microtip regime will undergo a substrate-melting process. This CNT-microtip regime serves as a good structure for experimentally verifying our theory. A procedure was developed to fabricate such structures [21] . For the CNT with L 1 m and r 3 nm [inset of Fig. 5(a) ] falling in the white filling area of Fig. 4 , thermal runaway occurred. The I-E curves [ Fig. 5(a) ] explain how the process was progressing [21] . These are marked as up-1, down-1, and up-2. From the up-1 to the down-1, the CNT experienced conditioning. In the following, the low emission current region of the up-2 has a similar behavior to that of the down-1. When the emission increased up to 0:22 A, it started to runaway, showing a negative resistance behavior apparent in the high field region of the up-2. Also, the scanning electron microscopy (SEM) image [ Fig. 5(b) ] shows typical morphological features of a vacuum breakdown site. These findings demonstrated the proposed thermal runaway is a mechanism responsible for initiating a vacuum breakdown process of a CNT emitter.
For another CNT with L 1 m and r 20 nm, its structural parameters fall in the gray filling area of Fig. 4 . No current runaway phenomenon was observed but a slow current decreasing process was recorded: as indicated in the up-1 [ Fig. 5(c) ], a maximum current was reached, and then the emission current started to decrease though the field was increasing. In the down-1, all of emission current are smaller then those in the up-1. A similar current decreasing trend was observed in the following test cycle.
Finally, after the down-2 test, no more current could be detected. SEM inspection indicated that a melted Si mound was left after the test [ Fig. 5(d)] , and that the CNT still existed nearby the melted Si debris.
In summary, we have shown that thermal runaway is a mechanism responsible for initiating a CNT vacuum breakdown. The underlying physics is the inability of dissipating the heat generated in a positive feedback process. Critical conditions for initiating thermal runaway are dependent of structural and boundary factors. The calculated results are in good accordance with experimental findings.
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